INTRODUCTION
Our laboratory is studying the regulation of avermectin production. Avermectins are potent anthelmintic agents produced by Streptomyces avermitilis (Burg et al., 1979) , and are active against many endoparasi tes of humans and animals, including Onchocerca volvulus, which causes 'river blindness', and almost all arthropod and nematode ectoparasites (Fisher & Mrozi k, 1984) .
In the course of our studies, we screened soil samples for phages that infect S. avermitilis in the hope of developing a phage-based genetic system for this organism similar to those described by Stuttard (1983) for Streptomyces venezuelae and Chung (1982) for Streptomyces fradiae. We screened approximately 700 soil samples and this paper describes the preliminary characterization of the lytic and temperate phages isolated. (A preliminary report of these data was presented at the 83rd Annual Meeting of the American Society for Microbiology, New Orleans, USA, in 1983.) METHODS Culture. All strains were grown in YME-Ca-Mg broth. YME-Ca-Mg broth contains: glucose (0.4%, w/v), malt extract (1 %, w/v), yeast extract (0.4%, w/v), CaClz (10 mM), MgCll (10 mM) and trace elements (0.5%, v/v). The trace elements solution contained, per litre of 0.6 M-HCl: MgSO,. 7Hz0, 61.1 g; CaC03, 2 g; FeCI, .6H20, 5-4 g; ZnSO,, 1 4 g ; MnSO,.H,O, 1.1 1 g; CuS0,.5H20, 0-25g; H3BO3, 0.062g; NaMoO4.2H,O, 0-49g. Medium was solidified by the addition of 2% (w/v) agar for plates or 0.5% (w/v) agar for soft agar. Growth was at 27 "C.
Phage isolation. Approximately 700 soil samples from the Merck soil collection were mixed into groups of three to five. Initially, portions (about 3 g) of the mixed soils were added to a culture (20 mi) of freshly germinated spores (germlings) of S. avermitilis (about 2 x lo7 ml-I) and incubated overnight in a 250 ml Erlenmeyer flask. In later experiments, soil mixtures were incubated with spores. The broth was filtered through a 0.45 pm filter (Millipore) and the filtrate spotted and streaked on the surface of a YME-Ca-Mg plate covered with a soft agar overlay seeded with about 1 x lo7 S. avermitilis germlings or spores. Plates were incubated overnight. Plaques were picked with a Pasteur pipette, resuspended in YME-Ca-Mg broth (1 ml) and purified by streaking for single plaques. Purification was repeated three times, and then phage stocks were prepared by picking a single plaque into culture medium (10ml) containing about 1 x lo7 germlings ml-I. After overnight growth, cell debris was removed by filtration and the filtrate was used as the primary phage stock. Such primary stocks normally contained Lysogen characterization. Putative lysogens were picked from the centres of turbid plaques and purified by three cycles of growth from spore through vegetative cells to resporulation. After the third cycle of purification away from phages single colonies were picked onto soft agar lawns seeded with about 1 x lo7 germlings ml-I. After 16 to 24 h, colonies that released phages were surrounded by a halo.
Transduction. Three different procedures were used to infect the recipient strain : (i) adsorption in liquid medium followed by plating on selective medium; (ii) the procedure of Stuttard (1983) in which recipient spores and phages are spread on half of a selective plate, the other half of which serves as the uninfected control; and (iii) non-selective plating of phages and recipient, the recipient allowed to sporulate and the resulting spores plated on selective medium.
When lysogenic phages were tested both lysogens and non-lysogens were used as the recipient. The multiplicity of infection was varied between 0.1 and 10, and UV inactivated and untreated phage stocks were used. UV inactivated phages were tested at survival rates which varied from lo-' to DNA isolation. DNA was prepared by modifications of standard procedures (Chater et al., 1982) . DNA used for preliminary restriction analysis of the phage was prepared using the 'mini-prep' procedure of F. Foor, Merck, Rahway, NJ, USA (unpublished). A filtered lysate (10 ml) was centrifuged at 45 000 r.p.m. for 3-5 h in a Beckman T70 rotor ?t 4 "C. The phage pellet was resuspended in buffer (0.5 ml) containing 0.2 M-Tris pH 8.5,25 mM-EDTA and 0.5 pl diethyl pyrocarbonate (DEPC) and incubated at 37 "C for 1 h. Formamide (0.5 ml) was added and the incubation was continued for 30min. Absolute ethanol (2ml) was then added and the DNA was collected by centrifugation (Sorvall SA600 rotor, I5000 r.p.m., 15 min, 4 "C) after precipitation overnight at -20 "C. The resulting pellet was washed with 2 ml70% (v/v) ethanol, reprecipitated and dried. The pellet was then dissolved in 200 111 10 mM-Tris pH 7.7, 1 mM-EDTA. The solution was refrigerated at 4 "C for 1 h and then heated for 10 min at 72 "C. DNA solutions prepared in this way were stored at 4 "C and were stable for at least 1 month.
DNA from phages SA14 and SA72 were prepared for Southern (1975) blotting after isolation from 500ml lysates. The phage was precipitated by the addition of NaCl (10 g) and PEG 8000 (60 g) (Yamamoto et al., 1970) . After refrigeration (4 "C) overnight the pellet was collected by centrifugation (Sorvall SA600,8000 r.p.m., 20 min, 4 "C) and then resuspended in buffer (10 ml) containing 10 mM-Tris pH 7.9, 10 mM-MgC12 and 1 mM-EDTA. The pellet was centrifuged at 4000 r.p.m. for 10 min to remove cell debris. The supernatant was layered on top of a 10 ml CsCl ( 5 ml 5 M, 5 ml 3 M) block gradient and centrifuged (50000 r.p.m., 2 h, 10 "C). The phage band was removed with a Pasteur pipette and centrifuged in a 4.5 M-CSCI equilibrium gradient (37000 r.p.m., 24 h, 10 "C). The phage band was collected and one-tenth the volume of buffer containing 2 M-Tris pH 8.5, 0.25 M-EDTA and 5 pl DEPC was added. The phage was incubated for 1 h at 37 "C, 1 vol. formamide was added and the mixture was incubated at room temperature for 30 min. Water (2 ml) and absolute ethanol (8 ml) were added. The DNA was precipitated at -20 OC overnight. Subsequent treatment of the DNA was done as described above.
Chromosomal DNA was prepared from lysogens and non-lysogenic strains of S . avermitilis MA5080 by inoculating YME broth (30 ml) containing 34% (w/v) sucrose and 5 mM-MgCl? with 1 x lo8 spores of the appropriate strain. The cultures were incubated with shaking at 28 "C for 48 to 72 h. The cells were collected by centrifugation (10000r.p.m., IOmin) and were washed once with saline (IOml), and then once with 10% (w/v) sucrose + 50 mM-EDTA pH 8.0 (10 ml). The pellet was then resuspended in 4 ml 10% (w/v) sucrose plus 50 mM-EDTA and 0.4 ml of a 50 mg ml-' solution of lysozyme and 0.2 ml of a 10 mg ml-I solution of boiled pancreatic RNAase were added. After incubating for 1 h at 37 "C the mixture was chilled and 2% (w/v) Sarkosyl(1 ml) was added. After lysis, CsCl (6.9g) and ethidium bromide (0.2m1, 50mgml-I) were added. The mixture was centrifuged to equilibrium (37000 r.p.m., 72 h, 10 "C). The DNA band was removed and centrifuged in a second equilibrium CsCl gradient (6-7 g CsCl in 6.5 ml buffer containing 0.1 M-Tris pH 8.0, 10 mM-EDTA, 0.2 ml ethidium bromide). The DNA band was again removed, DEPC (2 pl) was added and the mixture was incubated at 37 "C for 30 min and then at 72 "C for 10 min. Ethidium bromide was extracted with water-saturated isoamyl alcohol and the DNA was dialysed against buffer containing 10 mM-Tris pH 8.0,lO mM-NaC1,O.l mM-EDTA. The DNA was then phenol extracted. Sodium acetate was added to a final concentration of 0 . 3~ and the DNA precipitated by the addition of 2 vols of absolute ethanol. Subsequent treatment was done as described above. Restriction analysis. Electrophoresis of restriction nuclease treated DNA was done using Tris/acetate buffer in 0 4 % (w/v) agarose gels (Maniatis et al., 1982) . Restriction enzymes were purchased from BRL or New England BioLabs and the manufacturers's protocols were followed. p.f.u. per input p.f.u.
Southern hybridization. This was done using standard procedures (Maniatis et al., 1982) . Avermectin assay. Avermectin was determined by HPLC as described previously (Miller et al., 1979) .
RESULTS AND DISCUSSION
Determination of the uniqueness of each phage Nearly all the soil sample mixtures incubated with S. avermitilis gave rise to filtrates that produced plaques. Each of the filtrates was spotted and streaked and a few plaques of each morphological type, e.g. clear, turbid, sharp border and diffuse border, were picked and purified. DNA was prepared from each of the 100 plaque isolates and digested with a variety of restriction endonucleases. Comparison of the DNA restriction patterns was used to eliminate multiple isolates of particular phages. DNA from all isolates were treated with BamHI, EcoRI and HaeIII. Only six isolates were digested by BamHI and each of these, phages SA54, 55, 62, 84,89 and 95, yielded unique digestion patterns. In contrast to the results obtained with BamHI, many of the isolates were digested by EcoRI and all were digested by HaeIII; 22 unique digestion patterns were found with EcoRI (phages SA8, 13, 14, 16, 29, 31, 38, 41, 42, 43, 54, 60, 61, 62, 64, 73, 74, 77, 89, 90, 92 and 98 ) and 3 1 other phages were shown to be unique by their HaeIII digestion pattern. In this way we determined that we had isolated 57 unique phages, 20 of which produce turbid plaques, and 37 of which produce clear plaques. In addition to the three enzymes above, several phages were treated with additional restriction endonucleases. A summary of these data is presented in Table 1 .
Restriction analysis of our isolates showed that all the phages were distinct from phage TG 1 (Foor & Morin, 1984) and from 4C31 (Sladkova et al., 1977; Chater et al., 1982) , and none of the newly isolated phages was inactivated by antisera directed against TG1 or 4C31. Interestingly, phage TG 1 could not plaque on lysogens of SA92 but TG28, a virulent derivative of TG 1, could. This observation suggests that TG1 and SA92 have closely related systems of immunity.
Host range determination After isolation and restriction analysis, each of the S . avermitilis phages was tested with ten other Streptomyces strains to determine if they had a broad or narrow host range. A summary of these data is presented in Tables 2 and 3 . Two phages, SA61 and SA74, formed plaques only on S . avermitilis; all other phages formed plaques on several of the test strains. It is interesting to note that several of the phages that formed turbid plaques with S. avermitilis as the host formed clear plaques with other representative Streptomyces strains. For example, SA 14, which has been shown to lysogenize S . avermitilis by insertion into the genome (see below), formed clear plaques with S . venezuelae, S . parvulus and S. azureus. Of the 20 phages which form turbid plaques on a lawn of S. avermitilis, 13 could be shown to form lysogens by the phage release assay described above.
Generalized transduction Each of the newly isolated phages was examined for its ability to mediate generalized transduction (see Methods). Phage stocks were prepared using prototrophic S. avermitilis (strain MA5080) as the host, and were used to infect two different auxotrophic derivatives of MA5080, strains MRGlOOl (Met/Cys-) and MRG1003 (Nic-). Under no conditions tested could we find any evidence of generalized transduction. Ejects of lysogeny and phage resistance on avermectin production It has been reported (Thiemann et al., 1964) that production of rifamycin is increased in phage resistant colonies of Nocardia mediterranei. We therefore examined the ability of both phage resistant and lysogenic derivatives of S . auermitilis to produce avermectin. Spontaneous mutants of S . avermitilis resistant to the virulent phages SA13 and SA21 were isolated. Two independent SA 13-resistant and SA21-resistant colonies were found to produce avermectin at the same level as the parental phage sensitive strain (data not shown). In addition, a minimum of five independent lysogens of phages SA8, 14,42,43,54,55,60,72,76,79,84,92 and 99 were isolated and tested for their ability to produce avermectin. One lysogen of phage SA42 and one lysogen of phage SA99 produced no avermectin (<0-5% of the parental); all other lysogens produced avermectin at levels that were comparable to that of the parental strain ( f 20% of the parental). As described below, the loss of the ability to produce avermectin by these two lysogens does not appear to be caused by lysogeny, but rather appears to have been coincidental.
Mode of lysogenization
It has been reported that Streptomyces phage SF1 (Chung, 1982) is similar to coliphage P1 in that it lysogenizes by forming a plasmid (Ikeda & Tomizawa, 1968 ) that replicates in unison with the replication of the genome. Streptomyces phages TGl (Foor & Morin, 1984 ) and 4C31 
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Abbreviations are defined in Table 2. S. coe S. gri S . uen S . lac S. par Chater, 1982) , on the other hand, lysogenize by a coliphage A-like mechanism (Campbell, 1965) with insertion of the phage genome into the bacterial genome. We used Southern hybridization to examine the mechanism of lysogenization by phages SA8, 14, 42, 72 and 99. Predictable changes in the restriction pattern of a phage that inserts will occur when bacterial DNA is probed with virion DNA. One expects to see the loss of the two bands which contain the right and left sticky ends and the appearance of a new fragment containing the ligated sticky ends (cos). In addition, the restriction band containing the att site will be lost and two bands representing the right and left phage DNA-bacterial DNA junction bands are expected to appear. The appearance and disappearance of these bands on a gel will however be dependent upon choosing a restriction enzyme that yields bands that do not comigrate with other, preexisting bands.
We isolated chromosomal DNA from several lysogens of each of the phages to be tested, including the non-producing lysogens of phages SA42 and 99, and digested it with several nucleases. Phage SA14 lysogens were digested with MluI and BgZI, lysogens of phages SA72 and 99 with SphI and NcoI, and lysogens of phage SA42 with NcoI and MluI. The chromosomal DNA was probed with virion DNA.
None of the digestions of chromosomal DNA produced all of the changes predicted for the phage banding pattern. Fig. 1 shows some of the Southern blots derived from the phages SA 14, 72 and 99 lysogens. The fragments corresponding to the sticky ends and the cos site were determined by comparison of the banding pattern.of phage DNA before and after heating (data not shown).
The Southern blots of phage SA14 (Fig. 1 a ) shows the loss of both the att site and the two sticky ends as well as the appearance of the cos site. The phage DNA-bacterial DNA junction fragments are not, however, detectable. The blots with phage SA72 (Fig. 1 b) are similar to those obtained with phage SA14, but one of the phage DNA-bacterial DNA junction fragments is detectable. Two blots, one obtained after SphI digestion and the other obtained with NcoI digestion, are shown for phage SA99 (Fig. 1 c) . The SphI digest (lanes 1 to 5) shows the loss of the two sticky ends and the att site, but the cos fragment and presumably the phage DNA-bacterial DNA junction fragments are lost in the unresolved large band at the top of the gel. The NcoI digest (lanes 6 to 10) shows the appearance of one of the phage DNA-bacterial DNA junction fragments and the loss of one sticky end from the low molecular weight triplet, but the other (a) Genomic DNA isolated from four independent lysogens of phage SA14 digested with MluI and probed with DNA isolated from phage SA14 (lanes 1 to 4) . Lane 5 is phage SA14 DNA digested with MIUI .
(b) Genomic DNA isolated from two independent lysogens of phage SA72 digested with SphI and probed with DNA isolated from phage SA72 (lanes 1 and 2). Lane 3 is phage SA72 DNA digested with SphI.
(c) Genomic DNA isolated from four independent lysogens of phage SA99 digested with SphI (lanes 1 to 4) and NcoI (lanes 6 to 9) and probed with DNA isolated from phage SA99. The lysogen (lanes 1 and 6) does not produce avermectin. Lane 5 is phage SA99 DNA digested with SphI and lane 10 is phage SA99 DNA digested with NcoI. expected changes are not observable. The banding pattern of the producing (lanes 2, 3, 4) and non-producing lysogens (lane 1) of phage SA99 are identical. Similar results were obtained with phages SA8 and 42 (data not shown).
These data strongly suggest that each of the phages examined lysogenizes its host by inserting into the genome. Thus, although we have not found a Streptomyces phage capable of mediating generalized transduction, the observation that several of these phages have a wide host range and are able to insert into the bacterial genome indicates that they may provide additional single copy cloning vehicles for streptomycetes (Chater et al., 1982; Foor and Morin, 1984; Ishihara et al., 1983) .
